The 3′ termini of eukaryotic mRNAs influence transcript stability, translation efficiency, and subcellular localization. Here we report that a subset of developmental regulatory genes, enriched in critical RNA-processing factors, exhibits synchronous lengthening of their 3′ UTRs during embryogenesis. The resulting UTRs are up to 20-fold longer than those found on typical Drosophila mRNAs. The large mRNAs emerge shortly after the onset of zygotic transcription, with several of these genes acquiring additional, phased UTR extensions later in embryogenesis. We show that these extended 3′ UTR sequences are selectively expressed in neural tissues and contain putative recognition motifs for the translational repressor, Pumilio, which also exhibits the 3′ lengthening phenomenon documented in this study. These findings suggest a previously unknown mode of posttranscriptional regulation that may contribute to the complexity of neurogenesis or neural function.
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posttranscriptional process | maternal-to-zygotic transition | nervous system | alternative polyadenylation T he maternal-to-zygotic transition (MZT) of Drosophila embryogenesis is characterized by a number of rapid and coordinated transitions in gene expression, beginning ∼2 h after fertilization (h AF). In addition to localized patterns of zygotic transcription, the MZT deploys a series of coordinated posttranscriptional processes. For example, translation of the maternal hunchback (hb) mRNA is inhibited by Nanos (Nos), Brain tumor (Brat), and Pumilio (Pum) in posterior regions of the precellular embryo. This inhibition depends partly on the degradation of the hb polyadenylated [poly(A)] tail via Nanosresponse elements located in the hb 3′ UTR (1-7). Moreover, short sequence motifs within the 3′ UTRs of several hundred maternal mRNAs are required for their clearance at the MZT. This process depends on zygotic microRNAs (miRNAs) and the RNA-binding protein Smaug (8) (9) (10) .
Subcellular localization of mRNAs often depends on 3′UTRs. For example, the 3′ UTRs of several pair-rule segmentation genes mediate localization of the corresponding mRNAs to the apical surface of the embryonic syncytium (11) . The 3′ UTR of oskar, a gene required for germ plasm assembly, mediates translational repression and localization of the mRNA to the posterior plasm of the oocyte (12) (13) (14) . Protein null mutants for oskar induce a weaker phenotype as compared with mRNA null alleles, with both giving rise to early and late developmental defects. The early phenotype can be completely rescued by expression of the oskar 3′ UTR, suggesting that it acts as a scaffold for the formation of a ribonucleoprotein complex (15) . The importance of regulated 3′ UTR expression is underscored by recent evidence showing that UTR shortening or alternative polyadenylation may enhance tumorigenicity (16) .
Recently, high-density tiling microarrays assays and RNA-sequencing assays have generated single-nucleotide resolution maps of the Drosophila transcriptome (17) (18) (19) . Through analysis of these datasets, we identified a set of ∼30 genes, scattered throughout the genome, that exhibit coordinate lengthening of their 3′ UTRs. These UTRs are unusually long, up to 12 kb in length, and are selectively enriched in neural tissues. Expression of the long UTRs is not associated with reduced cell proliferation or the onset of cell differentiation, as suggested by recent studies of cultured mammalian cells (16, 20) . Interestingly, many of the genes encode proteins implicated in RNA binding or processing, including Argonaute1 (Ago1), Brat, Pum, insulin-like growth factor II mRNA-binding protein (Imp), and embryonic lethal abnormal vision (Elav). We propose that these unique, neural-specific 3′ extensions render the mRNAs susceptible to complex regulation, including interactions with miRNAs and RNA-binding proteins. Computational analyses identified a significant enrichment of Pum recognition sequences in the extended 3′ UTRs, suggesting coordinate posttranscriptional control in the Drosophila nervous system.
Results
A survey of whole-genome tiling microarrays and RNA-Seq datasets (17, 19) identified ∼30 genes exhibiting heavily transcribed sequences that extend several kilobases beyond the annotated 3′ termini (Table 1) . These exceptionally long UTRs are first detected during early embryogenesis (e.g., see Fig. 1A ).
Extended 3′ UTRs Appear After the MZT. RT-PCR assays were used to determine the time of appearance of the extended 3′ UTRs during embryogenesis (Fig. 1B) . The short form of the imp mRNA was detected in 0-to 2-h (maternal) and 8-to 24-h embryos (zygotic), whereas the long form of the mRNA was detected only in 8-to 24-h embryos (Fig. 1C) . Similar results were obtained for the miRNA effector gene ago1 and the tumor suppressor brat (Fig. S1 A and B) . In situ hybridization assays with a probe corresponding to 1 kb of 3′ extended sequences were consistent with selective expression of the long form of the imp mRNA after the MZT (Fig. 1D) .
The ∼8.5-kb extended 3′ UTR seen for the imp mRNA is one of the longest 3′ UTRs in the Drosophila genome and is equivalent to the longest 3′ UTRs in the human genome (21) . The length of the imp extension is not unique among the genes identified in this study. For example, the extended forms of brat and mei-P26 mRNAs are also exceptionally long (∼8.5 kb and 12 kb, respectively; Fig. S1C ). The precise 3′ termini of several of the extended UTRs were determined by 3′ RACE assays (SI Text). The most recent update of the Drosophila genome assembly (FlyBase release 5.39, July 2011) is consistent with several of the extended transcript isoforms. Coordinate Appearance of Extended 3′ UTRs. The preceding assays suggest that the long forms of imp and brat arise after the MZT. To pinpoint the timing of their appearance, quantitative RT-PCR (qRT-PCR) assays were performed with tightly staged embryos (Fig. 2) . Short isoforms for most of the mRNAs were detected at the earliest surveyed embryonic stages (0-2 h, stages 1-4), indicating maternal expression of the corresponding genes [e.g., ago1, nejire (nej), and brat]. However, some of the genes (e.g., elav) exhibit exclusive zygotic expression, beginning at 2-4 h AF. The levels of the short 3′ UTRs remain constant relative to the levels of the associated coding sequences throughout development ( Fig. 2 B-E). In contrast, there is a sudden appearance of the extended 3′ UTRs at 4-6 h AF (stages 9-11) ( Fig. 2 B and C), which coincides with enhanced expression of intronic sequences. Thus, the long forms of the mRNAs containing the extended 3′ UTRs appear to be derived exclusively from zygotic transcripts. Similar results were obtained for all of the genes tested in this survey but not for genes used as negative controls, including staufen and roundabout (Figs. S2 and S3).
Several of the genes that were investigated display sequential, phased lengthening of their 3′ UTRs during embryogenesis. For example, elav shows an initial extension at 4-6 h, with the first appearance of a 4.7-kb 3′ UTR. An even longer 3′ UTR (7.2 kb) appears several hours later, between 12 and 14 h AF (Fig. 2D ). Previous studies suggest that these UTRs are important for autoregulation of elav gene activity during neurogenesis (22, 23) . Several other genes involved in RNA processing or metabolism also exhibit phased, extended UTR isoforms, including the elav paralog found in neurons (fne), brat, mei-P26, and ago1 ( Fig. 2E and Figs. S1 and S2). brat and mei-P26 belong to the Drosophila tripartite motif and Ncl-1, HT2A, and Lin-4 domain (TRIM-NHL) family of proteins, which includes dappled (dpld)/wech. The dpld/wech 3′ UTR is ∼3 kb longer than expected based on the latest fly genome release. However, unlike brat and mei-P26, the dpld/wech gene expresses the long 3′ UTR isoform maternally and does not appear to be developmentally regulated (Fig.  S2 ). That brat, mei-P26, and ago1 exhibit similar regulation is particularly intriguing because the encoded proteins form a common complex that facilitates miRNA function (24) .
Selective Expression of Long 3′ UTRs in Neural Tissues. Many of the genes examined in this study are specifically expressed in neural tissues (e.g., elav). However, a number of the genes are broadly expressed throughout the embryo and not restricted to the nervous system. In situ hybridization assays were performed to determine whether the long mRNA isoforms encoded by such genes nonetheless exhibit restricted expression in neural tissues.
ago1 exhibits near-ubiquitous expression at all embryonic stages. However, a hybridization probe directed to the extended 3′ UTR detects transcripts primarily in neural tissues, both Genes identified in the whole-genome survey as carrying a zygotic-specific long 3′ UTR extension are shown. "Not annotated" denotes genes for which the long form has not been reported. "Annotated" denotes genes for which the long version is documented in the latest Drosophila genome assembly (FlyBase release 5.39, July 2011). The gene dpld (indicated in parentheses) is the only gene found in our survey whose extended isoforms are detected maternally.
the CNS and peripheral sensory cells (Fig. 3A) . A similar trend is observed for brat expression, except that the extended 3′ UTR probe detects transcripts more specifically in the nervous system (Fig. 3B) . The broadly distributed hybridization signals identified with brat coding sequences correspond to authentic expression because an intronic probe detects nascent transcripts throughout the embryo (Fig. S4) . Neural-specific expression of the extended mRNA isoforms, but not the short isoforms, was observed for most other genes tested (Fig. S5 ).
3′ Extensions Correlate with Cell Type, Not Proliferation. Recent studies in mammalian cells implicate long 3′ UTR isoforms in the inhibition of cell proliferation during cell differentiation (20) . Indeed, imp mRNA exhibits a shortened 3′ UTR in proliferative human cancer cell lines (16) . To determine whether the appearance of the 3′ UTR extensions correlates with the loss of cell proliferation, we surveyed RNAs extracted from proliferative and nonproliferative tissues. RNA was prepared from the brains of larvae (proliferative) and late pupae (nonproliferative) as well as from additional nonproliferative larval tissues, including salivary glands and fat bodies. qRT-PCR assays were used to measure the occurrence of the short and long forms of the brat and ago1 mRNAs in these tissues. Expression levels of 3′ UTR extensions relative to coding regions were comparable in differentiated and proliferating neural tissues. Proximal extensions exhibited reduced levels in nonneural tissues, whereas the distalmost 3′ UTR extensions were expressed almost exclusively in brains (Fig. 3 C and D) . Thus, the extended UTR isoforms are enriched in neural tissues in both embryos and larvae. Similar results were obtained for all other genes tested (Figs. S5 and S6) . We conclude that the key feature of the extended 3′ UTRs is neural-specific expression, not the loss of cell proliferation, in contrast to results observed in mammalian cells (16, 20) .
Regulatory Motifs That Are Enriched in Extended 3′ UTRs. We undertook a computational search for regulatory motifs within the 3′ UTR extensions, including 219 motifs involved in posttranscriptional regulation, such as miRNA 5′ seed sequences (i.e., the reverse complement of nucleotides 2-8) (25) and recognition sequences for RNA-binding proteins (26) . Such motifs are expected to occur at higher frequencies in extended 3′ UTRs compared with short UTRs. Therefore, we compared the long UTRs to control sequences, including all Drosophila 3′ UTRs and their reversecomplementary sequences. Enrichment was normalized for sequence length (Materials and Methods and Table S1 ). Several motifs are significantly enriched in 3′ UTR extensions, and some of these exhibit significant conservation in divergent drosophilids (Tables S1 and S2 ). For example, the Pum motif, the poly(A) signal and recognition sequences for miRNAs including the neuralspecific miR-315 (27), as well as miR-137 and miR-190 are found 5-to 10-fold more often in extensions than in the short 3′ UTRs. The Pum motif is found 9-16 times in the extensions of pum, elav, brat, and imp, whereas it is absent or represented only once in the respective short mRNA forms (Table S3 and Fig. S7 ).
It is possible that the extended 3′ UTRs regulate the associated mRNAs by adding recognition sequences for miRNAs or RNAbinding proteins. However, it is unclear why expression of these UTRs is restricted to neural tissues as well as being enriched for genes implicated in RNA binding and processing. It is conceivable that genes with large 3′ UTR isoforms are subject to a unique mode of regulation in neural tissues. Although the degree of UTR elongation is less dramatic, the Drosophila Hox genes may be 300 bp) . At the bottom, probes used in D were designed to hybridize to the 3′ UTR or to the presumed extension (not to scale). (C) RT-PCR on total RNA from early (0-2 h AF) and late (8-24 h AF) embryos using the primers represented in B. The imp 3′ UTR extension can only be detected later in embryogenesis, whereas the annotated imp transcript is detected at both time points. (D) In situ hybridization for imp using probes represented in B. The 3′ UTR extension is detected only in later embryos, whereas the annotated transcript is both maternally deposited and zygotically expressed. In all figures, anterior is to the left and dorsal is at the top.
regulated by a similar mechanism. Ubx, abd-A, Abd-B, and Antp mRNAs contain short 3′ UTRs during early development but acquire longer 3′ UTRs at later stages. These extensions are thought to be the primary targets of one or more miRNAs (28).
Discussion
We identified ∼30 genes that exhibit developmental regulation of their 3′ UTRs. As a class, the expressed transcripts contain some of the longest 3′ UTRs in the Drosophila genome and are comparable to the largest 3′ UTRs known in mammals. All of the genes undergo this posttranscriptional transition shortly after the onset of zygotic transcription, with the first detection of the long isoforms at 2-4 h AF. Perhaps the loss or gain of specialized RNA-processing factors during the MZT leads to the extension of the 3′ UTRs. Alternatively, depletion of one or more components of the general mRNA poly(A) machinery at the MZT or Primers were designed to amplify target sequences in the intron (red), coding region (CDS; black), 3′ UTR (green), and proximal (extension 1; dark blue) or distal (extension 2; light blue) portions of the extension. Note that the primer pairs "intron," "CDS," and "UTR" detect both the short and the long forms, whereas "extension" primer pairs are specific to the long form. (B-E) Quantification of indicated transcripts by qRT-PCR using primer combinations shown in A. RNA was extracted from embryos at different times in embryonic development (indicated in h AF). At indicated time points, expression levels were calculated for individual primer sets by normalization to rp49 mRNA (constitutively expressed). Baseline expression was established by setting the value at 2-4 h AF to 1. Represented is the normalized expression relative to levels obtained with the CDS primer pair. The increase in extension levels compared with CDS levels indicates an increase in the ratio of the long form to the short form at later time points, whereas UTR sequences remain unchanged compared with the coding region. Error bars represent mean ± SD of three to four biological replicates for each time point. (F) In situ hybridization for elav using probes against the 3′ UTR (Left) or an extension (Center and Right) at indicated embryonic stages (st.).
in neural tissues could lead to weakened poly(A) and mRNA cleavage efficiency, therefore promoting the synthesis of longer transcripts. Such a mechanism, diminished levels of the essential poly(A) factor Cstf-64, promotes the formation of longer isoforms of IgM in B lymphocytes (29) .
Previous studies suggest that Drosophila 3′ UTRs are longest during early development (9) . The genes identified in this study do not conform to this general trend but are consistent with recent whole-genome studies in vertebrates that suggest a statistical enrichment for longer 3′ UTRs at later stages in development (30) . In mammals, the expression of long 3′ UTR isoforms has been correlated with the loss of cell proliferation and the onset of differentiation (16, 20) . The genes we describe do not fit this model (e.g., see Fig. 3 ) and may instead be responding to a specific developmental cue during neurogenesis. The key correlation for the large 3′ extensions identified in this study is neural expression, irrespective of the state of proliferation. However, we cannot exclude the occurrence of 3′ elongation events at additional genes in other tissues because the datasets used for this analysis made use of whole-embryo RNA samples at various developmental stages. A significant fraction of the genes with extended 3′ UTRs encode proteins implicated in RNA binding or processing, including ago1, adar, pumilio, brat, mei-P26, shep, imp, fne, and elav. Some of these genes, like ago1, are broadly expressed in a variety of tissues. Nonetheless, the extended isoforms of ago1 mRNAs are specifically enriched in neural tissues, a known hotbed of posttranscriptional regulation, including regulation by miRNAs (31) and differential splicing. For example, Dscam is thought to produce tens of thousands of spliced isoforms in the Drosophila CNS (32) . Furthermore, in Drosophila, directed transport of mRNAs, like bicoid, requires functional elements within the 3′ UTR (33) . Whether RNA binding factors such as Pum participate in a network of cross-regulation by repression, activation, or transport awaits further study.
It is currently unclear whether the long forms of mRNAs produce less protein than the short forms in Drosophila, as seen in mammalian cells (20) . However, enrichment of Pum recognition motifs in the extended 3′ UTRs of elav, brat, and pumilio suggests regulation by repression because Pum and Brat are known to form localized translation repression complexes essential for anterior-posterior body patterning in early embryogenesis (1, 5) . Such regulation may have particular relevance in the Drosophila nervous system because Pum is required for dendrite morphogenesis (34) . We propose that neural-specific isoforms of the genes identified in this study comprise elements of an interactive RNA-processing network that mediates some of the distinctive posttranscriptional processes seen in the nervous system.
Materials and Methods
Tissue and Embryo Collection for RNA Extraction. Flies carrying a histone-GFP construct were raised by standard procedures. Embryos were collected for 2 h, aged, dechorionated in 50% bleach, and observed under a Zeiss Axio Imager.A2 microscope. Embryos of appropriate ages were manually selected and immediately transferred to liquid nitrogen. Each 2-h embryo collection consisted of ∼25 embryos. Three to four embryo collections (biological replicates) were carried out for each time point. Pupal brains (excluding eye discs) were dissected at 48 h after puparium formation in cold PBS. Brain tissue, salivary glands, and fat body tissue were simultaneously dissected from wandering third-instar larvae in cold PBS. After dissection, tissues were immediately transferred to RNAlater RNA Stabilization Reagent (Qiagen). Four to six independent dissections were carried out for each tissue.
RNA Extraction, Reverse Transcription, and qRT-PCR. Total RNA was extracted from staged embryos or from dissected tissues with TRIzol (Invitrogen) or an RNeasy Micro Kit (Qiagen). For both reverse transcription and qRT-PCR, 100-200 ng of total RNA was treated with RNase-free DNase (Promega). Firststrand synthesis used random hexamer primers and SuperScript III Reverse Transcriptase (Invitrogen). For reverse transcription, cDNA was used in a 1:10 dilution, and amplification was performed with standard Taq polymerase (Roche) and the primers described in Table S4 . For qRT-PCR, samples were treated with RNase H after the reverse transcription reaction and used in Fig. 2A . RNA was extracted from brains, fat body, and salivary glands of third-instar larvae as well as from pupal brains (48 h after puparium formation). Levels were normalized to rp49 mRNA, and expression in larval brains was set to the value 1 for each primer pair. Represented is the fold change relative to levels obtained with the CDS primer pair. Error bars represent mean ± SD of four to six biological replicates for each tissue. a 1:100 dilution. qRT-PCR was performed and monitored in a 7300 Real-Time PCR System using SYBR Green Master Mix (Applied Biosystems). Primer pairs for qRT-PCR are listed in Table S5 .
In Situ Hybridization. Embryos (0-20 h) were collected and fixed following standard procedures (34) . All templates for synthesis of RNA probes were obtained from PCR-amplified genomic fragments cloned into pGEM-T Easy Vector (Promega) and confirmed by sequencing. PCR primer sequences and amplicon lengths are listed in Table S6 . For each template, antisense RNA probes were in vitro-transcribed with T7 or SP6 RNA polymerase and digoxigenin-UTP or biotin-UTP (Roche). Fixed embryos were hybridized with the riboprobes according to standard protocols (34) . Colorimetric detection of RNA probes was carried out with anti-digoxigenin-AP and nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) substrate. Fluorescent detection of RNA probes was carried out with sheep antidigoxigenin and mouse anti-biotin primary antibodies and fluorescent secondary antibodies (Invitrogen). Imaging of embryos after in situ hybridization was performed on a Zeiss Axio Imager.A2 microscope (colorimetric) or a Zeiss LSM 700 confocal microscope (fluorescent).
3′ RACE. We performed 3′ end sequencing as described in ref. 35 . Forward primers are listed in Table S7 .
Sequence Motif Analysis. We scanned all annotated Drosophila melanogaster 3′ UTR sequences (FlyBase release 5.35) and the 3′ UTR sequences described here on both strands for miRNA 5′ seed motifs and predicted 3′ UTR regulatory motifs as described previously (26) . miRNA 5′ seed motifs were defined as the reverse-complementary sequence to positions 2-8 of the mature miRNA sequence (25) from miRBase (36) (release 16). We also assessed the sequence conservation of each motif occurrence in a strand-specific manner by branch-length score (BLS) as described previously (26, 37) . For each gene for which we describe an extended 3′ UTR, we counted the number of motif occurrences on the plus strand in the short and long 3′ UTR form at BLS cutoffs of 0-100% (in steps of 10%) of the entire Drosophila phylogeny. We report the raw numbers for each gene and as a fold increase across all genes. To assess the statistical significance of the motif occurrences in the added sequence (i.e., the extension itself), we calculated a P value for the enrichment of motifs on the plus strand of the 3′ UTR extensions compared with all 3′ UTR sequences in D. melanogaster by the cumulative hypergeometric distribution, normalizing for length differences. We similarly assessed the enrichment of motif matches over matches to the 3′ UTR minus strands. Furthermore, we assessed for BLS cutoffs of 10-100% (in steps of 10%) of the entire Drosophila phylogeny the fraction of conserved motif occurrences in the extensions compared with the fraction expected given the motifs' conservation in all 3′ UTRs and 3′ UTR minus strands (37) .
